& Ikuko Hara-Nishimura 1 Stomata in the epidermal tissues of leaves are valves through which passes CO 2 , and as such they influence the global carbon cycle 1 . The two-dimensional pattern and density of stomata in the leaf epidermis are genetically and environmentally regulated to optimize gas exchange 2 . Two putative intercellular signalling factors, EPF1 and EPF2, function as negative regulators of stomatal development in Arabidopsis, possibly by interacting with the receptor-like protein TMM [3] [4] [5] [6] . One or more positive intercellular signalling factors are assumed to be involved in stomatal development, but their identities are unknown 7 . Here we show that a novel secretory peptide, which we designate as stomagen, is a positive intercellular signalling factor that is conserved among vascular plants. Stomagen is a 45-amino-acid, cysteine-rich peptide that is generated from a 102-amino-acid precursor protein designated as STOMAGEN. Both an in planta analysis and a semi-in-vitro analysis with recombinant and chemically synthesized stomagen peptides showed that stomagen has stomata-inducing activity in a dose-dependent manner. A genetic analysis showed that TMM is epistatic to STOMAGEN (At4g12970), suggesting that stomatal development is finely regulated by competitive binding of positive and negative regulators to the same receptor. Notably, STOMAGEN is expressed in inner tissues (the mesophyll) of immature leaves but not in the epidermal tissues where stomata develop. This study provides evidence of a mesophyll-derived positive regulator of stomatal density. Our findings provide a conceptual advancement in understanding stomatal development: inner photosynthetic tissues optimize their function by regulating stomatal density in the epidermis for efficient uptake of CO 2 .
Stomatal development in leaves is negatively regulated by putative cell-surface receptors TOO MANY MOUTHS (TMM) and ERECTA family receptor-like kinases (ER, ERL1 and ERL2) 3, 8 . Two possible ligands of these receptors, EPIDERMAL PATTERNING FACTOR (EPF) 1 and EPF2, act as negative signalling factors at distinct steps during stomatal development [4] [5] [6] . Another negative regulator, STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1), which is a subtilisin-type proteinase, is reported to be dependent on TMM 9 . Although positive signalling factors are thought to exist 6, 7, 10 , no signalling factors are known to positively regulate stomatal development in leaves.
To identify novel positive signalling factors, we first selected genes that are co-expressed with a set of TMM, SDD1 and EPF1 by using in silico screening with a transcriptome database of Arabidopsis thaliana, ATTED-II 11 (Supplementary Table 1 ). This analysis identified a gene (At4g12970) that encodes EPFL9, a member of the EPF family, whose function was unknown 6 . Interestingly, overexpression of the At4g12970 gene resulted in an increase of stomatal density of various organs that naturally produce stomata (leaves, cotyledons, stems, fruits and anthers) in each of 13 overexpression lines that we established (n 5 7 for each T2 line, Fig. 1a and Supplementary Fig. 1 ). This phenotype contrasts with a decreased stomatal density phenotype in transgenic plants overexpressing EPF1 or EPF2 (refs 4-6). We named the At4g12970 gene STOMAGEN after its stoma-generating activity.
Stomata in most dicotyledonous plants are separated by at least one non-stomatal cell 12 , which is thought to improve the efficiency of gas exchange 2 . The overexpression lines of STOMAGEN (STOMAGEN-OX) exhibited many clustered stomata in mature leaves (Fig. 1a) and formed satellite meristemoids (stomatal precursor cells) adjacent to *These authors contributed equally to this work. guard cells or their precursors in immature cotyledons ( Supplementary  Fig. 2 ), indicating that the orientation of cell division in the stomatal lineage is defective in these lines. The abnormal clustering is probably due to the 35S promoter-driven expression of STOMAGEN in the epidermis (see Fig. 2c, d ).
We next examined the loss-of-function phenotype by gene silencing using an artificial microRNA that targeted the 39 side of the coding region of STOMAGEN ( Supplementary Fig. 3a ). Fourteen independent T2 lines in which STOMAGEN was silenced by RNA interference (STOMAGEN-RNAi lines) had reduced stomatal densities in various organs ( Fig. 1a and Supplementary Fig. 1 ). Other STOMAGENsilenced lines made with another artificial microRNA (12 independent T2 lines) and double-stranded RNA (dsRNA; four independent T2 lines) exhibited the same phenotype ( Supplementary Fig. 3 ), indicating that STOMAGEN is required for proper stomatal development. A quantitative analysis revealed a positive correlation between the expression level of STOMAGEN messenger RNA and either stomatal density or the stomatal index (defined as the ratio of stomata to stomata plus other epidermal cells) (Fig. 1b, c) . Both the gain-of-function and loss-of-function phenotypes indicate that STOMAGEN is a positive regulator of stomatal development.
STOMAGEN was predominantly expressed in immature organs including leaves, stems and flower buds (Fig. 2a) . b-Glucuronidase (GUS) activity in pSTOMAGEN::GUS lines was observed in immature cotyledons and developing leaves, but not in fully expanded cotyledons or leaves (Fig. 2b ). These expression patterns are consistent with the fact that stomatal development starts in immature organs 2 . Notably, GUS activity was detected in the mesophyll tissues but not in the epidermal tissues where stomata develop (Fig. 2c) . In situ RNA hybridization gave the same result (Fig. 2d) . These results indicate that STOMAGEN is produced in mesophyll cells and that inter-tissue signalling regulates stomatal development in the epidermis. This provides a counterexample to previous reports that most regulatory genes for stomatal development are expressed in epidermal tissues 10, 13, 14 . To determine whether STOMAGEN itself migrates from the mesophyll to the epidermis, we generated transgenic lines (12 independent T2 lines) that expressed a STOMAGEN-Venus fusion protein, which exhibited the same phenotype as STOMAGEN-OX (see Fig. 3d ). Venus fluorescence was observed outside the plasmolysed cells ( Fig. 2e and Supplementary Fig. 4 ), indicating that STOMAGEN is secreted from the cells to the apoplast. In previous studies, mesophyll-epidermis interactions have been limited to coordinating the airspace and stomata 12, 15 . The discovery of STOMAGEN will provide a valuable insight into mesophyll-epidermis interaction for stomatal density.
The STOMAGEN gene encodes a small protein of 102 amino acids with a putative signal peptide at its amino terminus (Fig. 3a) . STOMAGEN-Venus, which was immunoprecipitated from the transgenic leaves with anti-GFP antibody, gave a single band on an immunoblot with anti-stomagen antibody (Fig. 3b) . Edman degradation of the immunoprecipitate gave an N-terminal sequence of IGSTAPTXTY (where X indicates undetermined; Supplementary  Fig. 5 ), which is identical to the sequence starting from Ile 58 of STOMAGEN. The N-terminal sequence is consistent with the N-terminal sequences obtained by matrix-assisted laser desorption/ ionization-time-of-flight mass spectrometry (MALDI-TOF/MS) analyses of lysyl endopeptidase and trypsin digests of the immunoprecipitate, IGSTAPTCTYNECRGCRYK and IGSTAPTCTYNECR, respectively (Fig. 3c) . These results indicate that STOMAGEN is processed in vivo to produce the 45-amino-acid peptide that contains six cysteine residues. We designated the cysteine-rich peptide as stomagen. Expression of stomagen with a signal peptide at the N terminus, which lacked the propeptide domain, increased the stomatal density in the transgenic plants (ten independent T2 lines; Fig. 3d ), indicating that the 45-amino-acid peptide is sufficient to induce stomatal formation. Genes for stomagen-like peptides were found in various plant species (Supplementary Fig. 6 ). Interestingly, a similar peptide was found in Selaginella moellendorffii, a primitive vascular plant. Together, these results indicate that stomagen is widely distributed in vascular plants.
To obtain pure stomagen, tobacco-cultured BY-2 cells were transformed with the STOMAGEN gene. The culture medium was found to be immunopositive for stomagen and was fractionated with reverse-phase high-performance liquid chromatography (HPLC; Supplementary Fig. 7a, b) . Several fractions were found to contain a single ,5-kDa band ( Fig. 3e and Supplementary Fig. 7c ), the N-terminal sequence of which matched that of stomagen (Supplementary Fig. 7d ). Treatment with the purified stomagen for 3 days induced stomatal formation of Arabidopsis plants (Fig. 3f) . We also used chemically synthesized stomagen (45 amino acids residues). Both the synthetic and recombinant stomagens increased stomatal density dose-dependently at concentrations from 300 nM to 10 mM (Fig. 3g) . The induction of stomatal formation was suppressed by adding anti-stomagen antibody (Fig. 3g ). These results demonstrate that stomagen is a stomata-inducing factor. The stomatal lineage is triggered by SPEECHLESS (SPCH) 13, 14 , which is a basic helix-loop-helix (bHLH) type transcriptional factor. Both overexpression of STOMAGEN in a spch mutant background (three lines of T1 plants) and application of purified stomagen to spch (n 5 20) failed to induce stomatal formation (Fig. 4a) . These results indicate that the stomata-inducing activity of stomagen is dependent on the SPCH pathway. SPCH regulates the expressions of both the receptor-like protein TMM and its putative ligands EPF1 and EPF2 (refs 6, 13, 14) .
TMM acts negatively in leaves but positively in stems 16 , whereas EPF1 and EPF2 act negatively in both organs 4, 5 . Surprisingly, 44.8 6 16.7-fold overexpression of STOMAGEN in a tmm mutant background failed to increase stomatal density in either stems or leaves (ten independent T2 lines; Fig. 4b and Supplementary Fig. 8 ). Gene silencing of STOMAGEN in tmm did not affect the stomatal density of tmm leaves (ten independent T2 lines; Fig. 4b and Supplementary Fig. 8 ). These results indicate that STOMAGEN requires TMM for positive regulation of stomatal development. EPF1 and EPF2 are thought to negatively regulate stomatal development by interacting with TMM as ligands. It is possible that stomagen competes with either EPF1 or EPF2 for the same receptor, TMM.
We silenced STOMAGEN in epf mutants and determined two indices: stomatal density and non-stomatal cell density (density of epidermal cells other than stomata). Stomatal density was higher in each epf mutant than in the wild type and the elevation of stomatal density was reduced in STOMAGEN gene silencing lines (Fig. 4c and Supplementary Fig. 9 ). This result suggests that STOMAGEN regulates the stomatal density in an EPF-independent manner. On the other hand, non-stomatal cell density was much higher in the epf2 mutant than in the wild type (Fig. 4d) , consistent with the role of EPF2 as a negative regulator of the production of stomatal lineage cells 6, 17 . Gene silencing of STOMAGEN did not reduce the high density of non-stomatal cells in epf2 (11 independent T2 lines), LETTERS although it reduced non-stomatal cell density in the wild type (14 independent T2 lines) (Fig. 4d and Supplementary Fig. 9 ). This result suggests that STOMAGEN regulates the production of stomatal lineage cells in an EPF2-dependent manner. It seems that STOMAGEN has two functions: it regulates the production of stomatal lineage cells EPF2-dependently, and the differentiation of stomatal lineage cells to stomata independent of EPF1 and EPF2.
Taken together, three putative signalling factors-stomagen, EPF1 and EPF2-regulate stomatal development through the common receptor-like protein TMM. In addition to these signalling factors, SDD1 is known to act upstream of TMM 9 . SDD1 has been thought to negatively regulate stomatal development by proteolytically processing some negative precursor factors 9, 18 . However, SDD1 is genetically independent of EPF1 and EPF2 (refs 4-6). Another possibility is that SDD1 exerts its negative effect on stomatal development by degrading stomagen, a positive regulator.
Our findings show that stomatal development is regulated by two classes of signals which have opposing effects: a positive signal, stomagen, and the negative signals, EPF1 and EPF2. Such a bidirectional signalling system would enable plants to control stomatal density more precisely. Our results also show that mesophyll-derived stomagen positively regulates the differentiation of stomatal lineage cells into stomata in the epidermis. This inter-tissue signalling provides a conceptual advancement: stomatal density is optimized by photosynthetic tissues for efficient uptake of CO 2 . Stomagen could be a useful tool, either through genetic engineering or by spraying, for developing crops and trees with high stomatal densities that have a high absorption capacity for CO 2 .
METHODS SUMMARY
Plant materials and phenotypic analysis. Arabidopsis thaliana accession Columbia-0 (CS60000) was used as the wild type. Mutants used are tmm (SALK_011958), epf1 (SALK_137549), epf2 (SALK_047918) and spch (SAIL_36_B6). Stomata stained with Safranin-O (1 mg ml
21
) were inspected with a microscope (Axioskop 2, Zeiss). Plasmid constructions. Plant binary vectors based on Gateway cloning technology (Invitrogen) were used. Two artificial microRNAs for STOMAGEN were designed as described 19 . The promoter (2 kb) and coding region of genomic DNA of STOMAGEN were cloned into pENTR/D-TOPO (Invitrogen). The DNA fragments were transferred into pBGWFS7 for promoter analysis and into either pB2GW7 or pH2GW7 for overexpression. Immunoprecipitation. Extracts from transgenic plants expressing STOMAGEN-Venus (3 g fresh weight) were subjected to immunoprecipitate at 4 uC with 200 ml of anti-GFP microbeads (mMACS GFP tag protein isolation kit, Milteny Biotech). Recombinant stomagen. Stomagen was produced in tobacco-cultured BY-2 cells by using the Tomato-mosaic-virus-based expression vector and the inducible virus infection system 20 . The BY-2 medium was ultra-centrifuged at 1,000,000g for 1 h and filtered through a 0.22-mm filter (Millex). Filtrate was charged to a reverse-phase HPLC column (mRPC C2/C18 SP4/6) and washed with 5% methanol and 0.5% TFA. Elution was conducted with 90% methanol and 0.5% TFA. Each fraction (1 ml) was concentrated up to approximately 100 ml. Stomata induction assay. Stomagen was applied to Arabidopsis seedlings at 2 days after germination that germinated in B5 sterilized liquid medium. After a 3-day incubation at 22 uC, abaxial epidermis of cotyledons was inspected with a confocal microscope to determine stomatal densities.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
